Abstract. We investigate the effectiveness of trajectory mapping (TM) as a data validation tool. TM combines a dynamical model of the atmosphere with trace gas observations to provide more statistically robust estimates of instrument performance over much broader geographic areas than traditional techniques are able to provide. We present four'detailed case studies selected so that the traditional techniques are expected to work well. In each case the TM results are equivalent to or improve upon the measurement comparisons performed with traditional approaches. The TM results are statistically more robust than those achieved using traditional approaches since the TM comparisons occur over a much larger range of geophysical variability. In the first case study we compare ozone data from the Halogen Occultation Experiment (HALOE) with Microwave Limb Sounder (MLS). TM comparisons appear to introduce little to no error as compared to the traditional approach. In the second case study we compare ozone data from HALOE with that from the Stratospheric Aerosol and Gas Experiment TT (SAGE TT). TM results in differences of less than 5% as compared to the traditional approach at altitudes between 18 and 25 km and less than 10% at mutud 
Introduction
An important part of the scientific method is establishing the reliability of experimental data. Many instruments can be calibrated in the laboratory both before and after making measurements, providing an accurate assessment of changes in the instrument's performance over the observation period. For example, one of the most extensive validation studies to date is the Balloon Ozone Intercomparison Campaign (BOIC) [Hilsenrath et al., 1986] . During this campaign a suite of instruments designed to measure ozone were calibrated in the laboratory, gathered to fly on the same balloon payload, and then recalibrated in the laboratory after flight. The campaign provided some of the most thorough assessments of ozone measurement quality to date. oceans or in the Southern Hemisphere, owing to the sparse distribution of ground stations. In addition, in situ data sets are likely to be quite limited temporally. For example, ozonesondes provide high-resolution profiles of ozone but are typically launched only a few times a month. Satellite instruments tend to provide lower spatial resolution than in situ measurements do but can achieve a wide range of spatial and temporal resolutions depending upon the instrument type and satellite orbit. The geographic and temporal advantages of satellite instruments compliment the high spatial resolution of in situ measurements. Overcoming the validation issues associated with satellite measurements therefore becomes an essential task in producing a valuable, reliable data set.
The use of trajectory calculations in interpreting satellite data has become increasingly popular over the last several years. The technique was first applied to map the sparse Halogen Occultation Experiment (HALOE) data set, expanding the coverage provided by the solar occultation instrument [Pierce et al., 1994] . Morris et al. [ 1995] applied the technique to mapping data from the Microwave Limb Sounder (MLS) and CLAES. Neither of these studies, however, produced uniformly gridded data. Sutton et al. [1994] , Newman and Schoeberl [1995] , and Schoeberl and all developed the reverse-domain-filling (RDF) to create uniformly gridded maps of satellite data by initializing trajectories on a uniform grid and then assigning constituent values to the grid points using back trajectory encounters with satellite observations. Trajectory calculations have also been frequently used in chemical box model calculations [Kawa et In this paper, we investigate the trajectory-mapping (TM) technique for use in evaluating satellite instrument performance. We divide the paper into three parts. In section 2, we examine the use of TM in studies designed to assess the accuracy of satellite observations.
In section 3 we examine the use of TM in studies designed to evaluate the precision of satellite observations. Finally, in section 4 we present sensitivity studies that investigate the impact on results achieved using TM of changes in trajectory calculation duration, correlation criteria, latitude, altitude, and season.
Accuracy Assessment: The Problems of Comparing Two Data Sets
In this section we review previous approaches to the problem of assessing satellite instrument accuracy postlaunch. We then describe the application of TM to the problem and apply the technique to three case studies: a comparison of HALOE and MLS ozone data, a comparison of HALOE and Stratospheric Aerosol and Gas Experiment II (SAGE II) ozone data, and a comparison of HALOE ozone data with ozonesondes.
Traditional Approaches
In sections 2.1.1 and 2.1.2 we review previous efforts to assess instrument performance using rare coincidences between observations from two different instruments or using zonal means of the data from two different instruments. We will refer to these two approaches to data validation as "traditional" approaches. [Roche et al., 1996] , space shuttle instruments [Kumer et al., 1996] , ground-based microwave radiometer measurements [Conner et al., 1996] , other satellite instruments [CunnoMet al., 1996], and lidar [Singh et al, 1996; Bailey, et al., 1996] . In each case, correlation criteria are established to define "coincident" observations as those made within a specified distance and time of one another. Spatial separations are typically hundreds of kilometers while the time between such measurements can range from minutes to days or longer. Atmospheric changes occurring on smaller spatial and temporal scales often result in apparent disagreements between the data. As one example, McDermid et al. [ 1990] attempt to use a variety of groundbased measurement techniques to help validate SAGE II ozone measurements. Out of the three coincident cases shown, only one demonstrates good agreement. The authors attribute the disagreements observed in the other two cases to meteorology in order to discard them, and then the authors conclude that the SAGE II ozone agrees with the ground measurements to within 5%. Clearly, additional coincidences or a more thorough analysis of the meteorology would enhance our confidence in such conclusions.
Zonal means.
Another technique for evaluating satellite accuracy involves the comparison of zonal means. Zonal mean satellite data have been compared to gridded meteorological analyses [Gille et al., 1996] , other satellite instruments , and model results [Lopez-Valverde et al., 1996; Nightingale et al., 1996] . While more statistically satisfying than coincidence studies, zonal mean analyses have their own shortcomings. First, longitudinal gradients are lost in the zonal averaging. Second, in some cases the temporal difference between the measurements used to compile the zonal average maps is quite large. Third, the comparisons of zonal mean data are limited to specific latitudes.
Solar occultation instruments such as SAGE II and HALOE
can only make their observations in two latitude bands each day. Over the course of 10-15 days the instruments will sweep across most latitudes. The sparse nature of such data sets virtually requires the use of zonal mean comparisons for data validation purposes. Conner Pierce et al. [ 1994] . To creme a synoptic trajectory map from satellite data, we initialize an air parcel in our model at the time and location of each satellite observation. The model then isentropically advects these air parcels forward or backward in time to the time at which we desire an output synoptic map. By including several days of observations and using a combination of forward and backward calculations, we greatly enhance the density of coverage in our trajectory maps. Furthermore, by accounting for dynamical changes in the atmosphere between observation times, TM provides better representations of the measured constituent fields than those from asynoptic schemes. TM can be straightforwardly applied to the validation of data and the production of synoptic maps, as outlined below and demonstrated in our case studies. For all the studies presented in this paper, we use the trajectory model of Schoeber! and Sparling [ 1994] .
To compare data from two instruments, we first create a series of synoptic trajectory maps from one of the data sets (generally, the instrument that provides better coverage). We then sample the synoptic maps created from the first instrument at the times and locations of the observations of the second instrument. We consider those trajectory-mapped measurements appearing within a specified distance of the observations of the second instrument to be coincident. A maximum time difference between the observations can also be specified to limit the duration of trajectory We also note from the data in Table 1 that the disagreements between the data sets appear largest at the lower altitudes, decrease through a minimum around 800 K, and then increase again above 800 K. The increase above 800 K is likely due to the diminishing validity of the conservation assumptions in the trajectory technique (discussed further in case study 2 in section 2.3). Notice that the traditional coincidences are confined to the narrow latitude bands of overlap (one in the Northern Hemisphere and one in the Southern Hemisphere) between the observations of the two instruments. Using TM, we substantially expand the latitudes of intercomparison, so that using 14-day calculations, we provide comparisons at essentially all latitudes from 70øS to 80øN. We can therefore comment on the agreement between HALOE and SAGE II at latitudes outside those at which they concurrently measure. Further, the impact of the technique on the uncertainty of our comparisons is small if not beneficial. Table 2 lists the standard correlation coefficients r and RMS differences between HALOE and SAGE II ozone observations on the 800 K surface during the March 1995 time period as computed using traditional and trajectory-mapping approaches. We define the correlation coefficient to be
Increases in uncertainties below
where the x, are the trajectory-mapped average of HALOE measurements near SAGE II observations, • is the mean of the xi, y, are the SAGE II observations, and y is the mean of the y,. Notice that the RMS errors associated with trajectory advection periods of up to a 7-day duration are actually smaller than those found using the traditional coincident comparison technique. This behavior is due at least in part to the asynoptic nature of the traditional comparisons. In order to produce more than eight coincidences over the 6-week study period, we were forced to To further examine the effect of our trajectory calculations on the uncertainty of our comparisons, we extend our analysis vertically to include nine levels between 400 and 1200 K (15-40 km). Finally, Figure 9 shows the impact of only using either forward or backward trajectory calculations. Here, we examine the effect on the zonal mean of the 7-day trajectory-mapped HALOE ozone data in the Northern Hemisphere on March 19. The "0" line represents the zonal mean profile calculated from forwardonly trajectories, the "+" line represents the zonal mean determined from backward only trajectories, and the "[]" line represents the combined trajectory approach. In Figure 7b , we show the percent differences between the TM HALOE and SAGE II observations relative to SAGE II. Biases are clearly introduced when unidirectional trajectory calculations are employed: forward-only calculations tend to preserve mixing ratios longer than is warranted. In regions of descending air motion, the biases result in ozone values too high above the ozone peak and too low below it. The reverse is true for the backward-only calculations. As Figure 9 demonstrates, the biases of the forward-and backward-only calculations tend to offset one another. The combination of forward and backward trajectories therefore minimizes the biases and approximately doubles the number of parcels available to construct trajectory maps compared with either the forward or backward calculations alone. These results are supported by the sensitivity study using MLS water vapor described in section 4.1.
Case Study 3' HALOE Versus Ozonesondes
As a further demonstration of the validity of TM, we compare satellite ozone data from HALOE with ozonesondes. Legionowo (52øN, 21øE), Lindenberg (52øN, 14øE) , Payerne [1996]. The other approach for estimating precision examines the variability of tropical observations on a single day. Under the assumption that a tropical trace gas field in the stratosphere is relatively homogeneous, the variance of observations in a narrow tropical latitude band can be interpreted as an estimate of the precision of the observations. Lahoz et al. [1996] rely upon this technique to provide their estimates of single-profile precision for MLS water vapor, which range from 3 to 7%.
Trajectory-Mapping Approach
We now apply the trajectory-mapping technique to the problem of determining the precision of MLS water vapor data. We choose water vapor for its long lifetime in the middle to lower stratosphere, although in principle, the technique can be applied equally well to any dynamically conserved trace gas species. We examine water vapor retrievals during 10, 1-week-long periods between December 1991 and April 1993. Our analysis includes both hemispheres during the late winter/early spring season, the Northern Hemisphere in early winter, and the Southern Hemisphere in early summer. We next apply the trajectory-mapping technique to the same data using 3-day trajectory calculations and a 400-km coincidence criterion. Figure 14 shows a scatterplot of the trajectorymapped predictions versus the MLS observations for the 800 K level. We first notice substantially more coincidences (14,310) using the TM technique than found in Figure 13 using the traditional approach. The magnitude of the RMS error is 4.9%, slightly higher than that found using the traditional approach. Given the close proximity in time and space of the traditionally coincident pairs, this result is not surprising: we expect the traditional approach to perform at its best under such circumstances. The trajectory results, however, are not limited to two narrow latitude bands. The trajectory approach produces comparisons for nearly every MLS observation, regardless of its latitude. We also note from Figure 14 
Case Study 4: MLS Water Vapor Data

For this study we use Version 4 MLS water vapor data. Published validation of Version 3 MLS water vapor data suggests single-profile precision estimates of 3-7% for altitudes between
Sensitivity to the Trajectory Direction and Duration
We demonstrate the importance of using a combination of forward and backward trajectory calculations through a detailed examination of the long-duration TM study of December 1992. In this study, trajectory maps of MLS water vapor were produced using calculations of up to a 14-day duration. Again, traditional In addition, Figure 15b suggests that the biases introduced by the trajectory calculations in this study are less than 0.5%, on average, throughout the profile. The apparent lack of bias in the trajectory results may be explained as follows. Under the assumption that diabatic effects act to change the local mixing ratio of a trace gas species roughly linearly over short periods of time, the inclusion of both "future" and "past" data in trajectory maps (through a combination of backward and forward trajectory calculations, respectively) acts to minimize the bias inherent in the isentropic assumption. Errors that accumulate in the forward trajectory calculations are offset by errors that accumulate in the backward calculations. Trajectory maps constructed with both forward and backward calculations therefore provide a fairly accurate reflection of the present distribution of a trace gas species in the atmosphere. The effect of the neglected diabatic heating is reflected in the RMS statistic, however, which increases steadily with the duration of the trajectory calculations, as can be seen in Figure 15a . The 3-day trajectory results show -1% higher RMS differences than the traditional results, while the 7-day trajectory results show -2% higher, and the 12-day trajectory results show -2.5-3% higher RMS differences throughout the profile. The magnitude of the error introduced by the duration of the isentropic trajectory calculations will clearly be a function of the vertical gradient of the trace gas species being mapped and the strength of the diabatic heating at the time and location of the analysis. The numerical results from this study therefore should not be considered to represent the magnitude of the error introduced by all trajectory calculations of such duration during all seasons. Furthermore, the data in Figure 15 reflect the errors incurred by using only calculations of a particular duration. In general, trajectory maps are not constructed in the manner outlined above. Instead, a 7-day trajectory map consists of trajectory calculations of lengths 0-7 days instead of only calculations of 5.5-8.5 days. Therefore the results of Figure 15 provide an upper limit to the errors inherent in a typical 7-day trajectory map of MLS water vapor.
The difference between the typical application (described above) and that presented in Figure 15 can be seen in the results of another sensitivity study, shown in Figure 16 . Here the results are separated into the two latitude bands in which traditional coincidences occur. Figure 16a demonstrates that near the southern subtropical barrier the trajectory results are consistently better than the traditional approach throughout the profile, while Figure  16b shows that at high northern latitudes the RMS statistic for trajectory approach is less than 1% different from the traditional approach throughout the profile. In general, the trajectory results are consistent with and often better than the traditional approach in assessing instrument precision, even at places and times when the traditional approach works very well. The TM technique, however, has a significant advantage over the traditional approach in its far broader scope of geographic coverage.
Many studies using trajectory techniques have applied unidirectional isentropic calculations. This approach is inherently flawed owing to the nonconserved nature of the advected trace gas as well as to the neglected diabatic effects. Here, we illustrate an important advantage gained by using bidirectional trajectory calculations. Figure 17 shows the RMS and bias statistics for the unidirectional forward-and backward-only calculations corresponding to the long-term study of December 1992 presented in Figure 15 and discussed above. Again, the solid "*" line represents the traditional results, while the other lines represent the trajectory results ("+" for 3-day TM, "0" for 7-day TM, and "A" for 12-day TM). We note that both the forward only (solid lines) and backward only (dashed lines) trajectory calculations introduce RMS errors of nearly the same magnitude for calculations of the same duration. The biases, however, tend to be in opposite directions between the two unidirectional calculations as compared to the combined results shown in Figure 15 .
This result is consistent with the fact that our isentropic trajectory calculations neglected diabatic effects. Outside of the tropics, forward-only trajectories neglect the descent of air relatively rich in water vapor, resulting in a low bias compared to the actual observations. Conversely, backward-only trajectories result in a high bias compared to the actual observations. By using a combination of forward and backward trajectory calculations, we successfully counter the impact of the uncertainties introduced in the long, unidirectional trajectory calculations, as hypothesized earlier. A similar argument can be made for the accumulation of numerical errors over time within the trajectory model as well. Studies using the isentropic RDF technique with unidirectional trajectory calculations may therefore incur a bias in the mapped constituent field due to neglected chemical and diabatic effects.
Sensitivity to Correlation Distance
One important parameter in TM is the separation distance between two measurements that are assumed to be correlated.
Historically, correlation distances have ranged from a few meters interpolation of the adjacent levels. In our study we apply a cubic spline to the data to derive the MLS water vapor at the isentropic levels used in this study. The fact that the minima appear farther from the actual retrieved levels than the maxima suggests that our interpolation scheme is not responsible for the relative maxima in the RMS profiles. In fact, it is likely that our interpolation scheme has acted to reduce errors inherent in the retrievals themselves and that the actual errors may be somewhat larger than thbse represented here.. Version 5 MLS water vapor data, which recently have been released, provide MLS data on all the UARS pressure levels. The new data should lead to improved vertical interpolation between levels and probably better overall results.
Sensitivity to Geographic Location and Season
The quality of the TM results depends upon the quality of the meteorological analyses. The impact of the choice of meteorological analysis has been investigated by Morris [1994] . However, a detailed discussion of the impact of the meteorological analyses on the trajectory results is beyond the scope of this work. A future paper will examine this issue and a methodology for applying TM to evaluating the quality of the wind field analyses. Previous work, however, indicates that while individual trajectories may diverge quite rapidly between model runs using different wind field analyses, an ensemble of trajectories maintains the same gradients in an advected trace gas field for long periods of time [Morris et al., 1995] . We therefore expect our results to be generally applicable to trajectory calculations regardless of the wind field analysis employed. Particular dynamical events may be better captured by one wind field analysis than another, in which case the selection of the wind field analysis input into the trajectory model may affect the results. The optimal choice of wind field analysis for any individual event must be determined on a case-by-case basis.
To evaluate the performance of the TM technique as a function of latitude and season, we again use the MLS water vapor data and restrict our analysis to those latitudes and times when the traditional approach produces coincidences. Figure 19 
Summary and Conclusions
We have applied the TM technique with good results in several case studies and examined the sensitivity of the results yielded by the technique to a variety of parameters. TM proved effective in the comparison of one sparse data set with one dense satellite data set (HALOE and MLS ozone), the comparison of two sparse data sets (HALOE and SAGE II ozone), the comparison of satellite data with balloons (HALOE versus ozonesondes), and the establishment of instrument precision using a single data set (MLS water vapor). Taking advantage of dynamical information, TM has allowed us to improve and expand our comparisons beyond the brief periods and narrow latitude bands of overlap that usually restrict traditional techniques.
In the MLS-HALOE comparison study the TM approach increased the number of coincidences and greatly expanded the range of latitudes at which coincidences occurred as compared to the traditional approach. Of particular importance, these advantages were achieved without a corresponding significant increase in the uncertainty of the comparisons. The TM results compare favorably with results achieved using traditional approaches in a study designed so that the traditional approaches would perform well. The 1.5-day trajectories showed less than 1% differences in the RMS statistic as compared with those found using a traditional approach. These results enhance our confidence in the results achieved by the trajectory-mapping technique in studies where the traditional approaches do not generally perform well.
We next applied the TM technique to the comparison of two sparse data sets. The TM technique showed significant advantages over the traditional approach in the comparison of ozone data from SAGE II and HALOE. The TM technique substantially increased the number of coincidences while often decreasing the uncertainty as compared to the traditional coincidence approach.
The latter effect can be attributed to the fact that TM accounts for the dynamical motion between the observation times, which traditional approaches have previously ignored. Even the 14-day trajectory calculations, for which we know the diabatic effects cause significant departures from isentropic trajectories, did not appear to significantly increase the uncertainty of the comparisons. The technique works best below 27 km, where the lifetime of ozone is fairly long and the magnitude of the diabatic circulation is relatively small. In this region of the lower stratosphere, the assumptions of the conservation of ozone and potential temperature along the calculated trajectories work best.
Comparison of zonal means of the trajectory-mapped HALOE data to traditionally calculated SAGE II zonal mean data demonstrated that the trajectory technique has little negative impact. Unlike the traditional zonal means, however, the trajectory technique preserves longitudinal structure in the ozone field that is lost in zonal averaging validation. Comparison of the trajectorymapped data with ozonesondes also showed good agreement, further establishing the ability of TM to validate variability in constituent fields on a regional scale.
We applied TM to the problem of determining the precision of the MLS water vapor data set. The MLS observation pattern provides coverage with a relatively high density of observations. In two latitude bands near the geographic limits of observation, the MLS measurements on successive orbits occur within 96 lnin and 100 km of one another, making the application of a traditional comparison technique highly successful. We compared results obtained using the TM approach to data within the same narrowly defined latitude bands. In these latitude bands our analysis demonstrated that the trajectory results are generally consistent with the traditional approach. Only in the high-latitude, Southern Hemisphere, low-altitude, winter case does the trajectory approach yield higher RMS errors than the traditional approach does. Considering that such tests have been performed under a best-case scenario for the traditional technique, the TM approach performs impressively well. The major advantage of the TM technique over the traditional technique is that we can ascertain the precision uncertainty of the MLS data over the entire latitude range in which the observations are made, unlike the traditional approach that is restricted to only those latitude bands where coincidences occur.
Results from a number of sensitivity studies permit us to optimize our technique as well as to quantify the related uncertainties. We investigate the sensitivity of our trajectory results to several important parameters: the duration and direction (forward or backward) of integration of trajectories, the maximum distance between trajectory-mapped measurements considered to be coincident, and the latitude and season of the trajectory calculations.
Forward-only and backward-only trajectory calculations introduce biases, owing to diabatic motions (which are neglected in isentropic trajectory calculations) and photochemical changes in species concentration. By applying a combination of forward and backward trajectory calculations, the uncertainties of longer trajectory calculations can be minimized. The longer the duration of the trajectory calculations, the greater the uncertainty introduced in the RMS statistic. The bias statistic in bidirectional trajectory calculations, however, does not appear to increase with the trajectory duration. We therefore recommend the use of a combination of forward and backward trajectories for all isentropic trajectory-mapping calculations. The use of unidirectional isentropic calculations can produce significant errors on relatively short timescales, owing to neglected chemical and diabatic effects.
A variety of correlation distances were tested for altitudes between 20 and 40 km under a wide range of geographic and seasonal conditions. Under most circumstances the 400-km correlation distance resulted in the smallest RMS errors. While some variation exists in the results as a function of altitude, latitude, and season, under no circumstance did the 400-km correlation distance produce an RMS statistic with a magnitude more than 1% greater than the smallest RMS statistic associated with some other correlation distance. We therefore recommend, in general, a 400-km correlation distance with data sets such as the MLS water vapor data.
We also conclude that while the shorter-duration trajectory calculations generally produce results with smaller precision uncertainties, longer-duration calculations (of up to 14 days) do not necessarily result in substantial increases in precision uncertainty estimates. In fact, only at high latitudes in the winter season do the longest trajectory calculations seem to significantly increase uncertainty estimates. The temporal breadth of our analysis allows us to conclude that the trajectory approach is as good as if not better than the traditional approach throughout the year with the exception of September in the Southern Hemisphere. These same studies suggest that the increased number of correlated observations gained through the use of longer trajectory calculations offsets the increased uncertainty introduced through longer modeled advection periods. Our sensitivity studies help establish the magnitude of the uncertainties introduced by the TM technique itself as well as the conditions under which the application of the technique is most appropriate.
Our study provides confidence in the application of the TM technique to data validation at latitudes beyond those at which the traditional technique can be successfully applied. The TM technique can thereby provide reliable estimates of measurement accuracy and precision for entire data sets rather than relying upon extrapolation of results achieved through the validation of a small subset of the data through traditional techniques. TM is a powerful, reliable tool for data validation studies.
